In Armação de Pêra Bay, southern Portugal, environmental changes during the Holocene can be interpreted based on the morphological and sedimentological similarities between older geomorphic features (cemented beach and dune rocks) and present coastal features. Using knowledge of the present beach and dune processes, we propose a two-step model for the evolution of Armação de Pêra Bay. First, during the rapid sea level rise between about 8 800 and 6 600 yr cal BP, the bay changed from a positive to a negative budget littoral cell and transgressive dunes formed, favoured by drought conditions. At about 5 000 yr cal BP, during a sea level maximum, beach width was less than the critical fetch and dunes stabilized and underwent cementation during the wetter Atlantic climatic event. The second phase of dune accumulation started at about 3 200 yr cal BP, due to a regression of sea level during which the bay changed back to a positive budget littoral cell in which beach width was greater than the critical fetch. Currently, the beach width is less than the critical fetch, dunes are inactive, and the sedimentary budget is negative due to sediment storage in local river systems.
Introduction and background
Dunes are the most common aeolian landforms and they occur in a wide variety of geomorphic and climatic contexts, reflecting the diversity of variables that contribute to their formation. Sediment supply and wind are requirements for aeolian accumulations and, in coastal zones, the available sediment depends on fluvial transport to the littoral zone and on biological activity in ⁎ Corresponding author. Universidade do Algarve-FCMA, Campus de Gambelas, 8000-Faro, Portugal. Tel.: +351 289 800900; fax: +351 289 800069.
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the carbonate environments as well as on longshore and cross-shore currents. However, only dry sediment can be reworked by the wind and the amount moved depends on near-shore morphology and slope, beach morphology and width, tides, wave climate, fetch, and relative mean sea level (RMSL). Climatic conditions control wind speed and energy as well as the supply of sediment to the littoral zone, while the RMSL determines the extent of the deflation area.
In coastal zones, sandy dunes can become cemented by carbonates, and are known as aeolianites (or dune rock or dune calcarenite). Aeolianites are coastal dunes composed of sand with high biogenic carbonate contents, corresponding to material reworked from shallow marine sediments (Fairbridge and Johnson, 1978; Brooke, 2001; Price et al., 2001) . Usually, the carbonate content in the aeolianites is more than 50% of the total weight of the sediment (e.g., Pereira and Angelucci, 2004; Bateman et al., 2004) .
The main goals of this investigation are to correlate aeolianite development in Armação de Pêra Bay (southern Portugal) with Holocene variations in RMSL, and to determine the accuracy of aeolianite evolution as a proxy for the relative sea level history. Littoral cells such as Armação de Pêra Bay contain a complete cycle of sedimentation, and the auto-regulation of sedimentary processes in such cells responds very rapidly to climatic and sea level changes. Accordingly, paleoenvironmental evolution reflected in changes in beach-dune interactions can be solved at the millennial scale. This is the case of Armação de Pêra Bay, where changes in accretion and erosion are documented throughout the Holocene.
Variables controlling aeolianite formation
Coastal dune formation depends on sediment availability, wind activity, longshore and cross-shore currents, tides, beach and near-shore morphology and slope, climatic conditions, and sea level oscillations (Forman et al., 2001; Kindler and Mazzolini, 2001; Catto et al., 2002; Gay, 2005) . Eustatic changes are frequently cited as being the primary control on dune accumulation: dune formation has been correlated with sea level rises (e.g., White and Curran, 1988; Kindler and Mazzolini, 2001; Catto et al., 2002; Arbogast et al., 2002) and falls (e.g., Rodriguez-Ramirez et al., 1996; Pereira and Angelucci, 2004) , as well as with sea level fluctuation during interstadials (e.g., Bateman et al., 2004) and sea level still-stands (e.g., Mastronuzzi and Sansó, 2002) . Brooke (2001) found a positive correlation between aeolianite formation and high sea level during interglacial stages, but also cited examples of aeolianites' contemporaneity with glacial climatic stages (e.g., in Australia). Nevertheless, during sea level fall, it is very difficult to mobilize carbonate sand grains due to their reactivity to diagenetic processes when in contact with freshwater, and arid conditions would be required for aeolian reworking of such sand to take place. Diagenetic processes are particularly important when carbonate content exceeds 50%, as in the case of Stocking Island (Bahamas) where lithification to a depth of 80 cm in less than 60 years due to freshwater diagenetic processes has been reported (Kindler and Mazzolini, 2001) .
Studies of modern beach-dune systems reveal that the frequency of high water level occurrence and its magnitude are important factors in the reworking of sand and its accumulation in the backshore. Ruz and MeurFerec (2004) , for example, observed that dune growth occurs mostly during summer despite the moderate wind energy compared with the strongest winds that blow in winter when dune erosion prevails due to storms, high tides, and storm surges. This is explained by the fetch effect (Svasek and Terwindt, 1974; Gillette et al., 1996; Bauer and Davidson-Arnott, 2002) , which describes the increase of a particle's rate of transport starting at the upper limit of the swash zone (where the rate is zero) to a maximum downwind along the beach (where sand is dry). The distance over which this takes place is dependent on the wind's attack angle and speed. As observed in The Netherlands, the intensive wind-driven rain can mobilize sand from the beach, this mechanism having a secondary role and being irrelevant for dune construction (De Lima et al., 1992) .
The genesis of the currently stabilized coastal dunefields at Denmark was correlated with spring and summer storminess which decreases at the end of the 19th century favoured the dune stabilization (Clemmensen and Murray, 2006) . Storminess was also pointed as an important process on dune development between 1770 and 1905 AD at the western Portuguese coast probably correlated with negative North Atlantic Oscillation index winter (Clarke and Rendell, 2006) . The research developed by Wilson et al. (2004) at the north coast of Northern Ireland aiming to correlate coastal dunefields development with sea level and climatic changes concluded that sea level change was the first-order forcing factor with superimposed climatic deterioration, some of which marking dunefield activity occurred.
Dune erosion/accretion depends mainly on the relationship between sediment supply and sand stabilization provided by vegetation or lithification. Because of sand's high permeability, high leaching capacity, and low cohesion, all attributes which result in a water deficit, precipitation is not a particularly important influence on dune vegetation decrease/increase and therefore on dune mobility/stabilization. The significant factor determining the level of dune mobility is the wind and its threshold velocity required to initiate sand grain movement. In addition, wind is the primary control on dune vegetation, with vegetation developing when climate change reduces wind speeds, making dunes less vulnerable to erosion (Tsoar, 2005) .
The largest aeolianite bodies occur mainly in the latitudinal range 20°-40°. This distribution is related to climatic conditions allowing rapid cementation (Brooke, 2001) . According to Short and Hesp (1999a) , aeolianites occur mostly in drier tropical and temperate regions.
There are therefore two sets of processes that determine aeolianite occurrence: (a) Dune generation: sediment availability, beach characteristics, mean sea level position, wind direction and stress, and drought conditions; (b) Dune cementation: dune stabilization, wet climatic conditions, and carbonate availability/content. In modern reflective beach-shore systems, carbonate content reaches maximum values between mean sea level water and 1 m above this level, while in dissipative beachshore systems maximum values occur between 4 and 8 m below mean sea level (Short and Hesp, 1999b) . Therefore, the amount of carbonate compound in the sediment to be wind blown is higher in the most reflective systems (or during the reflective phases on mix environments), which potentially means an easier dune cementation and consequently aeolianite generation.
Timing of dune formation during the Holocene
Coastal dunes form under drought conditions when the sediment available to be blown by the wind is exposed in a beach wide enough to allow a high rate of particle transport. A review of the literature points to the mid-Holocene as a period during which dunes were widespread over many parts of the world (e.g., White and Curran, 1988; Heteren van et al., 2000; Vega Leinert et al., 2000; Arbogast et al., 2002; Mastronuzzi and Sansó, 2002; Clarke and Rendell, 2006) , a period coincident with major climatic organization in the North Atlantic (Cacho et al., 2002) .
In the Iberian Peninsula, a marine cooling event and dry conditions occurred at about 8 600 yr BP (Leira and Santos, 2002) . In the Portuguese west coast, coastal dunes started to accumulate in the mid-Holocene during stabilization of sea level, and experienced two more phases of accumulation after about 3 000 yr BP (Noivo and Bernardes, 2000) . On the Spanish Atlantic coast, close to the border with Portugal, the first generation of dunes accumulated between 7 000 and 5 000 yr BP and migrated landward during rapid rises of mean sea level at 5 500-4 000 yr BP, 3 500-2 000 yr BP, and about 1 000 yr BP (Rodriguez-Ramirez et al., 1996) . Goy et al. (2003) noted that several sea level oscillations were registered along the western Mediterranean coast after 7 400 yr cal BP, and that beach ridge generation correlated positively with high RMSL periods and with increases in the amount of sediment reaching the coast.
Geomorphological and geographical settings
The exposed rocks forming the southerly Algarve coast young eastward and consist of limestone, marls and calcarenites spanning from Jurassic to Miocene. Those carbonate series are strongly karstified and affected by joints and faults. Coastal paleokarsts are fossilized by detrital sediments from Pliocene and Pleistocene. With rare exceptions, rivers have currently a strong seasonal hydraulic regime. A conspicuous feature at the Algarve rocky coast is the development of several bays protected from the direct wave assailing by rocky headlands. That is the case of the Armação de Pêra Bay located in the central Algarve region of southern Portugal ( Fig. 1) constrained at its eastern and western ends by cliffs exposing Miocene calcarenite horizontally bedded. The bay is backed at the mainland by the Miocene calcarenite in which the paleorelief is filled by Pliocene and Pleistocene red sand intercepted by river channels (Alcantarilha and Espiche rivers) draining currently to the bay.
Armação de Pêra Bay is a zeta-shaped bay. The term zeta-shaped bay was first used by Halligan (1906) to describe bays which curvature radius decreases towards one end. The longshore transport of sand, generated by the prevailing shore currents from the WSW, is constrained by the westerly headland (Fig. 1b) . The bay experiences a mesotidal regime ranging from 2.70 to 1.36 m during neap tides and from 3.82 to 0.64 m during spring tides, as measured in the Vilamoura harbour, about 30 km east of the study area (data from the Instituto Hidrográfico, 1990) . Waves approach from the WSW for (on average) 90% of the year, and from the ESE during the remaining 10% of the time (Costa, 1994) . Wave height ranges from 0.30 m to 1.8 m, with rare exceptional heights of more than 3.7 m. Such high waves are associated with storms from the SW, during which waves attain an average of 2-3 m height with a period of 7-8 s (Pires and Pessanha, 1979, 1986; Pires, 1989) . The prevailing wind approaches the shore normal direction at angles ranging from 40 to 60°. According to Pinto and Teixeira (2002a) , the Armação de Pêra beach is either reflective or dissipative for wave heights of ≤ 0.5 m and 1-1.5 m, respectively. In the latter case, there is accretion in the foreshore (about 1-1.5 m/ month) leading to construction of a berm whose crest can reach 6 m during the summer. The area has a mild Mediterranean type climate and is vulnerable to droughts and desertification. Mean annual precipitation is as low as 500 mm along the Algarve coast, and mean annual temperature is between 18 and 20 °C (Miranda et al., 2002) .
The beach along Armação de Pêra Bay is fed mainly by sediments from the Alcantarilha and Espiche Rivers ( Fig. 1) , reaching volumes of 6.9 × 1000 m3/yr and 1.7 × 1000 m3 /yr, respectively (Pinto and Teixeira, 2002b). In this area, a free dunefield covers an older aeolianite cropping out in some sites (Fig. 1c) . Free dunes are sparsely vegetated and apparently stabilized whereas foredunes are represented only by a few patches near the river mouths. The term "free dune" is used in this study to refer to dunes with uncemented sand but which are relatively stabilized, whereas "aeolianite" is applied to cemented dunes.
Methods
In order to ascertain the past environmental conditions responsible for the generation of aeolianites, such as the beach-dune relations (and therefore the past RMSL), we studied various aspects of the geomorphology, sedimentology, and structure of the aeolianites. Aeolianite outcrops were identified in the field, described, and sampled. Using a Global Position System (GPS), topographic maps, and aerial photographs, a contour map of the aeolianite outcrop pattern was constructed. The georeferenced outcrops were plotted onto aerial photographs using a Geographic Information System (GIS) (Fig. 1c) . Outcrops exposing three dimensions of the aeolianite units were chosen for measurement of layers' inclinations and thicknesses. Internal structures of the aeolianites were described and photographed.
Samples, each weighing 0.5 kg, were taken for textural and mineralogical analyses (28 and 18 samples for the aeolianite and beachrock respectively). Samples were collected along the vertical profiles exposed at the locals A, C, D, G, K, Q and T signed in Fig. 1c . A total of 19 samples were radiocarbon dated. From these ones, nine were performed in marine shells of the bivalve Acanthocardia sp. collected in the beachrock deposits and 10 in aeolianite cement. Regarding the shell samples, the larger debris occurred in poorly cemented lag deposits with coarse texture. Aiming to separate the shells from the clastic fraction, samples were submerged in tepid distilled water during 2 months with daily water removal and hand shaking. Shells were radiocarbon dated in the Institut Royal du Patrimoine Artistique, Bruxelles (IRPA in Table 1 ) and in the Beta Analytic Radiocarbon Dating Laboratory, Miami, Florida (Beta in Table 1 ). Shells' radiocarbon ages were reservoir corrected for 400 yr as determined for the Iberian margin (Abrantes et al., in press). The other 10 samples, from aeolianite, were sent to the Beta Analytic Radiocarbon Dating Laboratory for radiometric dating analysis with extended counting. In this case the dated material was the carbonate cement that was dissolved at the Beta Analytic Laboratory. For the upper Pleistocene and Holocene paleoenvironmental studies based on dunes and aeolianites the most widespread dating methods are the radiocarbon, thermoluminescence (TL) or optical stimulated luminescence (OSL). Several workers have compared results from luminescence and radiocarbon ages and stated that the formers are usually underestimated probably due to anomalous fading (e.g., Heteren van et al., 2000) or problems related with the grain size (e.g., Wallinga and Duller, 2000) . However, radiocarbon dating either in organic matter or in carbonates also shows several problems. Apparent age can be too low due to contamination from younger horizons, modern roots or even to sample containers. On the contrary, apparent age can be too high due to dissolved humus from older deposits and to dissolved groundwater carbonate (Terasmae, 1984) . Moreover, when deposits are heterogeneous (as it is the case in the study area) it is not possible to date the material more accurately than the likely age range of the components (Pilcher, 1991) . Radiocarbon ages in this work are probably overestimated due to groundwater with older carbon from the surrounding rocks. However, the strong consistence between stratigraphic position and age gives some confidence in the results, and ages pointed in other independent works fall in the same time range (Pereira and Soares, 1994; Teixeira and Pinto, 2002) .
In order to compare the aeolianite sediments with sediments of the present day environment, 11 samples from the backshore and 11 from the free dunes were also analyzed for texture and mineralogy. The CaCO3 contents of samples were determined by weight difference before and after digestion in a 0.5 N HCl solution. Clastic residuals were mechanically sieved and granulometric parameters were calculated using the GRADISTAT program (Blott and Pye, 2001) . In each of the granulometric class heavy minerals were separated. Accordingly, the grains were placed into centrifuge tubes filled with bromoform and centrifuged. Bromoform and light minerals (quartz) were poured off through a funnel coated with filter paper and then washed with alcohol. The remaining heavy minerals were also rinsed with alcohol and minerals were studied under the microscope after weighted and dried.
In order to understand the distribution of aeolianites under the free dunes as well as their sedimentary structures, a Ground Penetrating Radar (GPR) survey was made along four profiles perpendicular to the coast (Figs. 1c and 4) . The Armação de Pêra Bay is oriented northwestsoutheast, and is thus protected from both the westerly and easterly winds (Fig. 2a) . However, its central portion is exposed to the frequent winds that derive from the south and southwest and which approach the coast at shore-normal angles ranging from 40 to 60°. The beach face slopes seaward at 6° and its width is about 60 m (Fig. 2b) . During spring tides the beach width is quite reduced and the high water level reaches and erodes both the free dunes and the underlying aeolianites (more frequently in the central part of the bay). This implies that dry sand on the beach is available only during short periods in a reduced deflation area. A backshore terrace up to 100 m wide and eroded only during storms has developed in the easternmost and westernmost parts of the bay close to the river mouths.
The Alcantarilha and Espiche rivers no longer enter the ocean through their natural mouths. The Alcantarilha mouth is artificially opened several times a year, while the lower portion of the Espiche has become a lagoon. During the natural closure of the river-ocean connection of the Alcantarilha, a sedimentary load characterized by a remarkable amount of heavy minerals accumulates in its lower portion. When the connection is artificially open, ocean waters enter the river during high tides and the sediment previously accumulated at the river mouth is exported to the beach (Fig. 2b) .
Sedimentary features
The backshore is probably the most important zone contributing sand for the formation of dunes. The main sedimentary features that characterize the backshore terrace are horizontal bedding with layers composed of medium-to coarse-grained sand, and load structures (Fig. 2b-e) . The backshore terrace attains a height of up to 2 m above the current beach face and is constructed by accretion under swash action during spring tides. Due to the rapid infiltration of swash water into the sand, the sediment does not return to the beach face and the terrace therefore accretes. Load structures are produced when the wind blows onto the terrace's steep seaward face, drying the coarse, poorly sorted sand more quickly than it does the fine, well-sorted sand above, thereby inducing collapse of the coarse sand layers.
Sedimentological characteristics
The sediment in the backshore is a moderately well sorted, medium to coarse sand (Fig. 3) composed primarily of sub-rounded quartz. The proportion of biogenic grains decreases dramatically with granulometry, from 80% to 18% for the − 1.5 to − 1 ϕ and 0.5 to 1 ϕ intervals, respectively. The average CaCO3 content is 41%. Heavy minerals, mainly magnetite, ilmenite, tourmaline and rutile, attain their maximum occurrence in the 1-2 ϕ fractions, at about 3%. The dunefield extends 3 km parallel to, and 0.3 km perpendicular to, the shoreline between the Alcantarilha River mouth and the Galé beach at the eastern end of the bay (Fig. 1b, c) . The free dunes constitute transverse ridges parallel to the shoreline with a wavelength of about 60 m. The dunes attain heights of up to 18 m (above the current backshore) in the most landward section of the field, where they are more developed and thicker (Fig. 4) . The dunes become thinner seaward, making the interpretation of the GPR signal difficult due to the lack of well defined surfaces. Dune sediment is a medium well sorted sand (Fig. 3) with an average of 36% CaCO3.
Aeolianites and beachrock

Geographic distribution
Two different types of cemented sands occur in Armação de Pêra Bay: aeolianites and beachrock. The aeolianites are partially covered by the younger free dunes (Figs. 1c and 4) and, therefore, direct observations and sampling are confined to locations where free sand cover is absent. Such locations are confined to the dune and aeolianite crests that are geographically coincident, and in the cliffs carved by wave erosion. Ages of the aeolianites range from ca. 8 800 to 6 600 yr cal BP (Table 1 ).
In the current upper foreshore (e.g., A and B in Fig. 1c) , the cemented beachrock crops out. It is dated with ages ranging from 5 853 to 4 017 yr cal BP, and is underlying other cemented sands (upper foreshore facies) which ages range from 4 017 to 679 yr cal BP (Table 1 and Fig. 5 ). The sedimentary paleo-facies were interpreted based on our field observations of current sedimentary environments and on other works (e. g., Hill and Hunter, 1987; Kindler and Strasser, 2002; Bezerra et al., 2003; Caldas et al., 2006) .
Sedimentological structures and sediment attributes
The aeolianite outcrops facing the sea, which are currently undergoing wave erosion, exhibit horizontal bedding at their bases, as well as numerous load structures similar to those occurring in the present backshore terrace (Fig. 2c, d, e) . Upwards from the base, centimetric layers show parallel contacts dipping 1-4° SSE and 6-28° NNE (apparent dip) in the seaward and lee sides, respectively. Cross stratification occurs but is uncommon. Landward from the backshore, aeolianite architecture evolves from sand sheets or foredunes with low angle stratification to dune forms with higher crests. Stratification changes about 100 m from the backshore, becoming markedly inclined to the NNE. This stratification is interrupted by an angular discontinuity above which repose the free dunes (Fig. 4) . The aeolianite sediment is a well sorted medium sand (Fig. 3) with 48% CaCO3 content on average.
Beachrock shows an upward facies variation as follows: (a) Lower foreshore facies (LFS in Fig. 5 ) with layers up to 10 cm thick, some of which are very shelly and contain debris shells of Acanthocardia sp. which were dated (Table 1) ; (b) a sequence of thinner layers (0.5-1 cm). Superposed to the beachrock sedimentological facies from the upper fore shore (UFS in Fig. 5 ) show: (a) a sequence of layers of thickness up to 5 cm, with frequent horizons of heavy minerals similar to those transported currently by the rivers (ilmenite, magnetite, tourmaline, rutile); and (b) layers up to 10 cm thick with scours and load structures. The first occurrence of heavy minerals in the beachrock profile is at 1 m above the present river floor, corresponding to the datum 4 017 yr cal BP (Table 1 and Fig. 5 ).
Beachrock sediment varies from medium to coarse moderately sorted sand (Fig. 3) , and contains an average of 47.5% CaCO3. During winter, some beachrock Table 1 and location of outcrop A is shown in Fig. 1c . "UFS" is Upper foreshore Facies and "LFS" is Lower Foreshore Facies. fragments become exposed in the lower shore face. Also, in the central sector of Armação de Pêra Bay, karstic features in the Miocene substratum are now being exhumed by wave action, exposing a notch and lithified sands inside the karstic holes.
Discussion
A well-cemented beachrock formation crops out in the backshore and in the shoreface of Armação de Pêra Bay, and an aeolianite formation is exposed uncovered by a free dunefield (Figs. 1c and 4) . Beachrock and aeolianite ages range from ca. 5 800 to 4 000 yr cal BP and ca. 8 800 to 6 600 yr cal BP, respectively (Table 1) . The geographical, structural, and sedimentological relationships between the aeolianites and the younger free dunes point to a repetition of environmental conditions favouring dune formation during the Holocene (Figs. 1c and 4) . The time interval separating these dune-forming periods corresponds to the older dunes' stabilization and cementation. The remainder of this section discusses the Holocene dune evolution of Armação de Pêra Bay, with particular reference to the role of sea level fluctuations.
Dunes are a very common geomorphic feature and therefore have advantages as environmental archives relatively to other proxies (Lawson and Thomas, 2002) . To understand the processes that currently contribute to the dune development is fundamental in order to interpret past environments. The study area is a privileged site to apply this principle once it testifies the cyclic occurrence of processes including the currently acting. Therefore, the understanding of past beach-dune relations can be studied by comparison with the current dynamic processes. One merit of this work is that it interprets coastal dunes' accretion and erosion related with the beach dimensions (fetch effect), and therefore the mean sea level position. One of the variables that influences dune erosion or accretion is beach morphology, erosion prevailing when the beach is narrow and steep (Saye et al., 2005) . Coastal cells such as zeta bays are relatively closed to longshore sediment transport systems. Such cells have two typologies, distinguished according to the relations between sediment supply and sink (Carter and Woodroffe, 1994) . While negative budget cells experience erosion, positive budget cells usually accumulate extensive beach ridges due to the continuous sediment supply.
Adopting this nomenclature, Armação de Pêra Bay acts as a positive budget cell when riverine sediment supplies the shore, forming conditions in the bay potentially favourable for aeolian accumulation. In contrast, when fluvial sediment is trapped in the rivers' alluvial zones, due (for instance) to sea level rise, the bay becomes a negative budget cell in which erosive processes are dominant. Nevertheless, whatever the RMSL shift direction, it is necessary to have a beach large enough and containing dry sand to allow it to be wind blown. The beach in Armação de Pêra Bay is becoming narrower due to regional sea level rise of 1.5 ± 0.2 mm/yr along the Algarve coast (Dias and Taborda, 1992) , and currently the fluvial sediment accumulates in the upper foreshore. The prevailing wind and waves from the WSW are oblique to the headlands protecting the bay and approach the shore normal direction at angles ranging from 40 to 60°. Therefore, cross-shore transport is the most important mechanism for sediment redistribution in the bay, and sediment availability depends almost entirely on the fluvial input. As a consequence, Armação de Pêra Bay could change into a negative budget cell should fluvial sediment become trapped in the rivers' alluvial zones.
On a beach, the transport of sand by wind increases exponentially from the swash line, where it is zero, to a maximum in the backshore, where saturation is reached. This process is the fetch effect and depends on wind speed and attack angle, constituent grain size, and beach width (Svasek and Terwindt, 1974; Gillette et al., 1996; Bauer and Davidson-Arnott, 2002) . Considering the angle of approach of the wind to the shore normal direction in Armação de Pêra Bay (α = 40-60°), the critical fetch (cf) is 72-108 m and the beach is therefore too narrow (w = 60 m) to allow the fetch effect (cos α = w/cf). Consequently, the sand supply to the dunes is limited (Bauer and DavidsonArnott, 2002) . This fact, together with our field observations concerning the scarcity of foredunes, the nature of the vegetation covering the dunes, and their erosion by waves, allows us to conclude that the free dunes are currently inactive. In addition, GPR facies interpretation shows that, except for the most landward sites, free dunes have a limited thickness, which, as observed in the field, was insufficient to completely cover the aeolianites.
The stabilization and cementation of the aeolianites probably occurred when RMSL and beach morphology were similar to the present, between about 8 800 and 6 600 yr cal BP (Table 1) , and when the beach width was narrower than the required critical fetch. In addition, the occurrence in the upper foreshore of features such as beachrock (its meaning will be further discussed in this section) up to 4 m higher than the current mean sea level (assumed as the half of the tidal amplitude) and beachcemented sand fossilizing the littoral karst, corroborates our hypothesis that RMSL at about 5 000 yr cal BP was close to, or slightly above, the present level. Moreover, the heavy mineral accumulations inside the cemented upper foreshore facies, lying 1 m higher than the present accumulations and whose ages are constrained to between 4 017 and 3 213 yr cal BP (Fig. 5 and Table 1 ), suggest that at some stage the rivers lost the capacity to transfer sediment to the lower foreshore (similar to what is observed at present), probably due to the sea level rise. The importance of the swash zone location and its shift in sympathy with mean sea level change has been observed in several regions where sediment supply and wind speed and direction are otherwise favourable to dune formation (e.g., Arens, 1996; Hesp, 2002; Ruz and Meur-Ferec, 2004) .
Although dune generation can occur in either coastal, riverine, or inland settings, it usually correlates positively with drought climatic conditions (e.g., Shaw, 1991, 2002; Forman et al., 2001; Otvos, 2001; Ivester and Leigh, 2003) . During the mid-Holocene, a major climatic organization took place in the North Atlantic (e.g., Cacho et al., 2002) , and a marine cooling event and dry conditions occurred at about 8 600 yr BP in the Iberian Peninsula (Leira and Santos, 2002) . The mid-Holocene cooling event is also registered in the Mediterranean Basin (Geraga et al., 2000) , and data gathered in speleothems reveal two cool periods in Europe at 7 800 and 3 500 yr BP (MacDermott et al., 1999) . Geochemical components in the sediments from estuaries in the Algarve also point to two cool events dated at between 7 500 and 6 500 yr BP and at about 3 000 yr BP (Moura et al., 2001 ). Therefore we conclude that, in Armação de Pêra Bay, the first period of dune generation started during the mid-Holocene cooling-drying event. The flow and load of the rivers decreased and sediment that reached the littoral zone was deposited mainly in the upper foreshore due to the sea level rise. Storminess sometimes correlated with cool events has been referred as responsible for the dune activity phases (e.g., Otvos, 2001; Clemmensen and Murray, 2006; Clarke and Rendell, 2006) . However, the wind acts in a deflation area which extension is controlled by sea level oscillations.
Mean sea level rose very quickly during the early and mid-Holocene in many parts of the globe, forcing the landward migration of coastal landforms. In the estuaries, marine influence increased and fluvial load was trapped in extensive salt marshes (Dabrio et al., 2000; Boski et al., 2002; Mastronuzzi and Sansó, 2002; Gerdes and Watermann, 2003; Andrade et al., 2004; Shennan et al., 2005) . In Armação de Pêra Bay, aeolianites exhibit a typical morphology of transgressive dunes (Fig. 4) . When sea level rises but sediment supply remains sufficient, the seaward side of the foredunes erodes, and crests become higher and destabilize. In consequence, landward migration occurs, forming sand sheets and a wide variety of dunes with planar or very low-angle stratification depending on the vegetation (Ritchie and Penland, 1990; Hesp and Short, 1999; Short and Hesp, 1999b; Hesp, 2002) . Landward migration in the Armação de Pêra area would have been very rapid, not allowing vegetation development as no root traces were observed in the exposed aeolianites. At about 7 000 yr BP climatic conditions in Portugal were dryer than the present (Figueiral and Terral, 2002) favouring the dune activity. Therefore, dunes that later were cemented to form the aeolianites started to accumulate in the bay during the rapid marine transgression of the mid-Holocene and in climatic cold and dry conditions. The dunes became inactive when RMSL was close to, or higher than, the present level, and when available dry sediment was unable to be windblown because the beach width was narrower than required for the critical fetch. RMSL higher than the present level was registered in several coastal zones during the Holocene (e.g., Mastronuzzi and Sansó, 2002; Goy et al., 2003; Martin et al., 2003; Razjigaeva et al., 2004; Shennan et al., 2005) . Previous work in Armação de Pêra Bay points to a bay model for about 5 000 yr BP, very similar to the present one ), and to a sea level stabilization close to the current level at 3 300 yr BP (Pereira and Soares, 1994) . The occurrence of the heavy mineral horizon between 4 017 yr cal BP and 3 213 yr cal BP (Fig. 5 and Table 1) suggests that, during this time interval, fluvial sediments were not transferred to the lower foreshore probably due to sea level stabilization, supporting the findings of previous investigations.
However, the timings of the aeolianites' cementation and the new impulse of dune generation are more speculative. Cementation of sands with high CaCO3 content can be very rapid under humid climatic conditions (Harvey, 1979; Kindler and Mazzolini, 2001 ) and, in the Armação de Pêra Bay, diagenetic processes probably occurred during the humid Atlantic climatic event after the dune stabilization (about 6 300 yr cal BP). This hypothesis agrees with the wetter conditions that occurred between the two dry events at about 7 000 and 5 670 yr BP as revealed by the vegetation in the Portuguese Estremadura (Figueiral and Terral, 2002) .
The occurrence of beachrock in the upper foreshore at the Armação de Pêra Bay (5 853 to 4 017 yr cal BP: Fig. 5 and Table 1) supports our view that the RMSL was higher than the present of about 1 m (admitting the same tidal range) during the Late Holocene. Beachrock is a sedimentary body formed in the intertidal zone due to the rapid cementation of sandy beach (Russell, 1962; Dalongeville and Sanlaville, 1984; Neumeier, 1999) . Several factors contribute to the cementation of the sand in the intertidal zone, such as the sediment immobilization to allow its cementation, water over-saturation in calcium carbonate and good permeability favouring the water percolation (Blatt, 1979; Hays, 1979; Davaud and Strasser, 1984) . Other factors contributing for the beachrock generation have been reported in world wide coasts among which are: (a) temperature (Russell and McIntire, 1965) , (b) microbial activity (Neumeier, 1999) , (c) water degasification (Calvet et al., 2003; Rey et al., 2004) . Genesis of the beachrock in the study area was favoured by the mixing of marine and fresh water as well as by the high permeability of the sediment. Beachrock occurrence has been reported mainly in lower latitudes (e.g., Moore, 1973; Strasser et al., 1989; Semeniuk, 1996; Gischler and Lomando, 1997; Webb et al., 1999; Vieira and De Ros, in press) but they can also form in higher latitudes (e.g., Kneale and Viles, 2000; Rey et al., 2004) . Even for similar latitudes beachrock can or not form, depending on the environmental parameters as reported in Canaria Islands where beachrock only formed in the west coast which is dominated by a dry warm climate (Calvet et al., 2003) . Whatever the region and the factors contributing to the beachrocks' genesis and since they form in the intertidal zone, they can potentially be used for the past sea level curves reconstructions (Omoto, 2001) . However, the beachrock accuracy as a sea level proxy depends on the tidal regime and correlates inversely with the tidal range which makes it difficult to use as a proxy.
The beachrock lower shoreface facies (Fig. 5 ) underwent accumulation and cementation up to 4 017 yr cal BP, corresponding probably to the maximum sea level in Armação de Pêra Bay. After 4 017 yr cal BP, heavy mineral horizons are no longer represented in the upper shoreface facies (Fig. 5 and Table 1 ), implying that these minerals were transferred to the tidal zone. Thus, RMSL must have become lower, and fluvial sediment (previously trapped in the alluvial zone) started to feed a progressively widening beach. The sedimentary load placed into the littoral zone from the Alcantarilha and Espiche rivers has been calculated to have been much higher during the last 2 000 yr than before that time (Pinto and Teixeira, 2002b) . The bay thus again became a positive budget cell at about 3 200 yr cal BP, thereby providing favourable conditions for a new phase of dune accumulation.
A new phase of dune activity at about 3 000 yr BP has also been described for the area of the Portuguese West Coast (Noivo and Bernardes, 2000) . In addition, in the Apulian region of Italy, dunes were formed not only during the mid-Holocene Optimum under a relative sea level higher than the present, but also during the sea level low stand at about 2 500 yr BP (Mastronuzzi and Sansó, 2002) . Therefore, a relative sea level lowering following the mid-Holocene sea level maximum, most likely a result of the Holocene Neoglaciation at 3 000 -2 000 yr BP (Calkin, 1988) , has been registered in several regions. However, the seaward shift of sea level could also have been forced by greater quantities of sediment reaching the littoral zone. In this respect, several investigations in estuaries of the Cadiz Gulf indicate an important phase of fluvial activity after about 4 000 yr BP (Dabrio et al., 2000; Boski et al., 2002; González-Vila et al., 2003) . As Stanley (1995) asked, will a global sea level curve for the late Quaternary be an impossible dream?
The continental masses puzzling since the end of the Mesozoic Era favoured the progressive "regionalization" of the geological environments. Therefore, correlations between processes and their geological register at faraway or even neighbour regions are sometimes difficult even if the cause is global. In addition, as stated by some researchers (e.g., Pirazzoli, 1991; Stanley, 1995; Woodrofle and Horton, 2005) , the dozens of proxies used to reconstruct the sea level curves and how they are interpreted are responsible for some of the their discrepancies. More recently and in opposition to the view of Fleming et al. (1998) that no significant high frequency oscillations occurred in the past 7 000 years, several high frequency oscillations were identified in world wide coasts (e.g., Morner, 1999; Goy et al., 2003; Martin et al., 2003; Razjigaeva et al., 2004; Shennan et al., 2005) . However, while a midHolocene maximum highstand lying between 6 400 and 5 600 yr BP receives the concordance of most of previous cited authors, the following oscillations show a great disparity in their ages. This is probably due to a high diversity of geomorphological conditions, and it is necessary to understand the local responses in order to have a global vision. Far field sites as southern coast of Portugal away from direct influence of ice capes can greatly contribute to the understanding of the eustatic signal of the sea level.
The results reported here show that significant environmental transformations took place in Armação de Pêra Bay during the Holocene. The formation of dunes and their subsequent phases of stabilization or erosion are related to the bay acting as a positive or negative budget cell, respectively. The sign of the budget cell is dependent on: (a) the supply of fluvial sediment, as influenced by climatic conditions; (b) the transference of fluvial sediment from the alluvial zone to the shoreface, as controlled by RMSL; and (c) the width of the beach, reflecting both the sedimentary budget and RMSL. The aeolianites are, therefore, a good proxy for the occurrence of sea level fluctuations. Moreover, if the fetch is quantified according to wind direction and speed as well as to grain size, aeolianites can also provide the magnitude of those oscillations.
Conclusion
Armação de Pêra Bay (southern Portugal) has proved to be a remarkable locality in which to study Holocene environmental evolution, given that it is a littoral cell containing sedimentary source, sink, and transport path. This relatively closed and complete sedimentary cycle is recorded in the geographical, structural, and sedimentological relationships between the aeolianites and the younger free dunes. During the Holocene, the bay has acted alternately as a positive cell dominated by constructive processes, and as a negative cell dominated by erosive processes. Its behaviour depends on sea level fluctuations and on variations in sedimentary input from the Alcantarilha and Espiche rivers. The littoral zone has been strongly dependent on local fluvial sediments throughout the Holocene because the western headland of the bay presents an obstacle to the prevailing wave direction and therefore to longshore drift of sediment into the bay.
The aeolianites in Armação de Pêra Bay are transgressive dunes formed during a rapid rise in sea level between about 8 800 and 6 600 yr cal BP. The formation of these dunes was favoured by the cool, dry conditions of the mid-Holocene. These dunes stabilized at about 5 000 yr cal BP when relative mean sea level and beach morphology were similar to the present. A new phase of dune generation occurred after ca. 3 200 yr cal BP, due to a seaward movement of sea level during which beach width was greater than the critical fetch. Currently, the beach width is less than the critical fetch and the free dunes are inactive. In addition, the sedimentary budget is negative because fluvial sediment is trapped in the rivers' alluvial zones and during spring tides beach sand is transported back into the alluvial zones.
Although climatic conditions control several parameters such as sediment supply and wind energy, the relative mean sea level is the first order factor for coastal dune generation as it controls the extension of the deflection area.
